The human pathogenic fungus Aspergillus fumigatus is a ubiquitous saprophyte that 20 causes fatal infections in immunocompromised individuals. Following inhalation, conidia 21 are ingested by innate immune cells and can arrest phagolysosome maturation. How 22 such general virulence traits could have been selected for in natural environments is 23 unknown. Here, we used the model amoeba Dictyostelium discoideum to follow the 24 antagonistic interaction of A. fumigatus conidia with environmental phagocytes in real 25 time. We found that conidia covered with the green pigment 1,8-dihydroxynaphthalene-26 (DHN)-melanin were internalized at far lower rates when compared to those lacking the 27 pigment, despite high rates of initial attachment. Immediately after uptake of the fungal 28 conidia, nascent phagosomes were formed through sequential membrane fusion and 29 fission events. Using single-cell assays supported by a computational model integrating 30 the differential dynamics of internalization and phagolysosome maturation, we could 31 show that acidification of phagolysosomes was transient and was followed by 32 neutralization and, finally, exocytosis of the conidium. For unpigmented conidia, the 33 cycle was completed in less than 1 h, while the process was delayed for conidia covered 34 with DHN-melanin. At later stages of infection, damage to infected phagocytes triggered 35 the ESCRT membrane repair machinery, whose recruitment was also attenuated by 36 DHN-melanin, favoring prolonged persistence and the establishment of an intracellular 37 germination niche in this environmental phagocyte. Increased exposure of DHN-melanin 38 on the conidial surface also improved fungal survival when confronted with the 39 fungivorous predator Protostelium aurantium, demonstrating its universal anti-40 phagocytic properties.
Introduction 47
The ubiquitous filamentous fungus Aspergillus fumigatus is most commonly found in the 48 soil or on decaying organic matter and randomly infects immunocompromised 49 biochemical fate of fungal melanin following swelling and germination is thus far 71 unknown. 72 In contrast to commensal pathogens such as Candida albicans, A. fumigatus is 73 considered an environmentally acquired pathogen, as it is frequently isolated from 74 natural reservoirs and occupies a well-established niche as a decomposer of organic 75 matter. In its natural environment the fungus is confronted with many abiotic and biotic 76 adverse conditions such as amoebae with some of them being able to ingest and even 77 kill A. fumigatus (Hillmann et al., 2015 , Radosa et al., 2019a . During evolution it can 78 thus be expected that microorganisms such as A. fumigatus have acquired counter 79 defense strategies that also might explain the virulence of environmental pathogens for 80 humans. This hypothesis was recently coined as the "Amoeboid predator-animal 81 virulence hypothesis". According to this hypothesis microorganisms trained their 82 virulence through competition with microbial predators (Casadevall et al., 2019) . In 83 agreement with this hypothesis, several recent studies demonstrated that A. fumigatus 84 interactions with soil amoeba such as Acanthamoeba castellanii or Dictyostelium 85 discoideum exhibited similar outcomes to its interactions with human phagocytes (Van 86 host specificity and thus, could provide a selective advantage for the fungus in its natural 118 environment.
119
Results 120 1,8-DHN-melanin delays phagocytic uptake and phagolysosome maturation 121 To initiate phagocytosis, host receptors engage with ligands exposed on the surface of 122 A. fumigatus conidia. This association with its ligand initiates signaling pathways that 123 cause the extension of a lamellipodium, which surrounds the particle and generates the Figure S1B and S2). Ratiometric calculations of the differences between the two dyes, 146 with FITC responding to changes in pH, allowed us to track the phagosomal pH 147 dynamics for conidia over the entire intracellular period ( Figure 1E ). These 148 measurements demonstrated that both wildtype and ∆pksP mutant conidia underwent Figure 1E ). Notably, wild-type conidia resided significantly longer inside phagolysosome 155 than pksP conidia ( Figure 1F , Figure S1B ), which suggested interference at single or 156 multiple stages of the phagosome maturation process. red fluorescent proteins, respectively (Clarke et al., 2002) . A combination of these two 168 marker proteins previously revealed the principal route of delivery of the v-ATPase to 169 phagosomes (Clarke et al., 2010) . 170 Live, single-cell imaging of FITC-stained conidia after uptake by VatB-RFP-expressing 171 amoeba demonstrated the correlation between v-ATPase recruitment and acidification.
172
Fast acidification and v-ATPase trafficking to the surface of the phagosome was 173 followed by its retrieval and subsequent neutralization of the phagosomal lumen, with 174 conidial exocytosis as the final step ( Figure 2A ). As expected from the previous 175 experiments, the acidification kinetics for wild-type and ∆pksP conidia varied 176 significantly. Both fungal strains triggered acidification within minutes, but amoebae 177 infected with wild-type-conidia were delayed in reaching the minimum and maximum 178 pHs ( Figure 2B ). Also, following VatB-RFP retrieval, phagosomes took significantly 179 longer to reach pH 6 again when infected with DHN-melanin-covered wild-type conidia 180 when compared to pksP conidia-containing phagosomes ( Figure 2C ). The different dynamics of uptake, acidification and exocytosis for both strains 185 determined from single-cell observations were used in a Monte-Carlo simulation to 186 predict the outcome of long-term confrontations ( Figure 3A 
Lysosome fusion indicates damage to A. fumigatus-containing phagosomes 230
Proper phagosome maturation involves the fusion of early/late phagosomes with 231 lysosomes, which load proteolytic enzymes for digestion of the phagolysosomal content.
232
To monitor lysosomes and their fusion with phagosomes, the lysosomes of amoebae 233 were loaded with fluorescently labelled 70-kDa-dextran prior to infection with conidia.
234
When loaded lysosomes fused to conidia-containing phagosome dextrans were visible 235 as a ring around the conidia ( Figure 5A ). By measuring the normalized integrated 236 density of these rings, we concluded that the phagolysosome fusion was equally 237 effective for melanized and non-melanized conidia ( Figure 5B ). We substantiated this Figure S5 ). Collectively, these data suggested that the lysosomal fusion 243 is not inhibited.
244
Because the maturation of the phagolysosomes appeared not to be affected, we S7 A+B), an assay for fungal viability did not reveal any significant killing of either wild 288 type or melanin-deficient mutant by this model phagocyte ( Figure S7C ). In turn, the 289 viability of D. discoideum was significantly affected after 24 h of an infection by the 290 fungus at an MOI of 0.1, but the effects were not melanin-dependent ( Figure S7D ). RodA-deficient conidia was even higher than that of wild-type conidia ( Figure 7B+C) , 299 suggesting that DHN-melanin can serve a protective role against this fungivorous 300 predator. 
313
We provided further evidence that the first intracellular processing steps in the amoeba, . 344 We demonstrated that melanized conidia resided in phagosomes of amoebae for a 345 longer period of time than melanin-deficient conidia and that these phagolysosomes to an influx of nutrients and will thus help the fungus to establish a germination niche.
365
Although this advantage may be restricted to non-specialized phagocytes that are 366 unable to kill the fungus, we also found a protective role for DHN-melanin when 367 encountering a fungivorous amoeba, demonstrating that surface exposure of DHN-368 melanin provides an overall selective advantage in phagocytic predator-prey interactions 369 in environmental reservoirs.
370

Materials and Methods
371
Strains and culture conditions 372 All strains used in this work are listed in ImageJ. Then average log of these values were plotted on the calibration curve graph.
423
In order to determine pH on the sample image the integrated density were back 424 calculated from the calibration graph. 
